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We report a surprisingly long spin relaxation time of electrons in Mn-doped p-GaAs. The spin
relaxation time scales with the optical pumping and increases from 12 ns in the dark to 160 ns
upon saturation. This behavior is associated with the difference in spin relaxation rates of electrons
precessing in the fluctuating fields of ionized or neutral Mn acceptors, respectively. For the latter
the antiferromagnetic exchange interaction between a Mn ion and a bound hole results in a partial
compensation of these fluctuating fields, leading to the enhanced spin memory.
PACS numbers: 72.25.Rb, 75.50.Pp, 75.30.Et, 72.25.Fe, 78.55.Cr
It has been known since the seventies [1], that electrons
in n-doped GaAs possess a long spin lifetime. Because
of high electron mobilty, it is proved possible to transfer
electron spin over macroscopic distances (yielding a spin
diffusion length of ca 10 µm [2] and a spin drift length up
to 100 µm [3, 4, 5]). Recent studies revealed a nontrivial
doping concentration dependence of the spin relaxation
time τs [6], with τs ranging up to 300 ns [7, 8, 9]. In con-
trast, p-GaAs exhibits a short electron spin relaxation
time (τs ∼ 1 ns) and because of this cannot be regarded
as technologically promising. The fast electron spin re-
laxation in p-GaAs results from the exchange interaction
with holes bound to acceptors, which is referred to as the
Bir-Aronov-Pikus (BAP) mechanism [10, 11]. One might
anticipate that doping of GaAs with magnetic acceptors
would result in even shorter spin relaxation times than
ordinarily observed in p-GaAs, because of the additional
spin scattering one expects from the Mn spins.
Here we report on an intriguing and rather unexpected
behavior of the electron spin relaxation in Mn-doped
GaAs. We find that doping GaAs with Mn acceptors with
concentration NMn ≈ 1017 cm−3 causes an increase of
the electron spin relaxation time by two orders of magni-
tude as compared with similarly doped p-GaAs contain-
ing non-magnetic acceptors. Figure 1(a) shows that the
electron spin relaxation time in GaAs:Mn reaches 160 ns
at elevated excitation power, which is comparable with
the best results achieved in n-GaAs [7, 8, 9].
The effect originates from a cancelation of the effective
magnetic fields acting on an electron by the antiferromag-
netically aligned hole and Mn spins. This cancelation
drastically suppresses the electron spin flip rate by the
acceptors. Mathematically, the contribution to τs arising
from spin scattering can be written as [11, 12]
τ−1s =
2
3
〈ω2f 〉τc . (1)
Here, ωf is the precession frequency of the electron spin
in the magnetic fields produced by a (magnetic) impurity
and/or a hole and τc is a correlation time that indicates
how long these fields remain unchanged, both in magni-
tude and direction. When the electrons are localized on
shallow donors, τc can be interpreted as a characteristic
electron hopping time. Equation (1) has a clear physical
meaning. The higher the precession frequency ωf , the
faster the spin becomes randomized, and the higher is
the spin relaxation rate. Similarly, for a short correla-
tion time τc, the fluctuating fields are averaged out, and
the spin relaxation time is longer. In GaAs:Mn, due to
the antiferromagnetic interaction between magnetic im-
purities and holes [13, 14] their fluctuating fields tend
to compensate each another (ωf → 0) leading to a spin
memory enhancement.
We have found a suppression of spin relaxation in var-
ious GaAs:Mn structures with NMn ranging from 10
17
to 1018 cm−3. For clarity, we focus here on data from
one representative sample, grown by liquid-phase epi-
taxy (LPE) on a (001)-oriented GaAs substrate. This
sample has a 36-µm-thick GaAs:Mn layer with NMn =
8 × 1017 cm−3. The p-doping is partially compensated
due to the presence of residual donors. A second sample
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FIG. 1: (Color online) (a) Spin relaxation time τs vs exci-
tation power P for GaAs:Mn (NMn = 8 × 10
17 cm−3) (solid
circles) and for p-GaAs containing non-magnetic acceptors
(Na = 6× 10
17 cm−3) (open squares). (b) Lifetime τ and (c)
correlation field Bc vs P for the GaAs:Mn sample.
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FIG. 2: (Color online) (a) PL spectra of the GaAs:Mn sample
for different excitation powers as indicated in the panel. (b)
Spectrally integrated PL intensity vs excitation power. (c)
Intensity ratio IX/IMn of the excitonic (X) and Mn lines vs
excitation power.
serves as a reference and has a 3.2-µm-thick LPE-grown
p-GaAs layer doped with nonmagnetic acceptors (Ge) at
a level Na = 6× 1017 cm−3.
The electron spin dynamics have been studied by
means of optical orientation under continuous wave (cw)
excitation. A net spin polarization is created by circu-
larly polarized excitation, provided by a Ti-sapphire laser
operating at 800 nm and focused to a 300-µm diameter
spot on the sample. The photoluminescence (PL) spec-
tra are dispersed by a 1-m spectrometer and detected
by a Si-based avalanche photodiode. In order to elim-
inate dynamic nuclear polarization, the helicity of the
excitation polarization is modulated at 50 kHz, and the
polarization of the emission ρc = (I
+
+ − I−+ )/(I++ + I−+ ) is
detected using a two-channel photon counter. Here, I++
(I−+ ) refers to the intensity of σ
+-polarized PL under σ+
(σ−)-polarized excitation. Magnetic fields are applied ei-
ther perpendicular to, or in the sample plane (Faraday
and Voigt geometry, respectively). Most of the experi-
ments have been performed for a sample temperature of
T = 8 K, unless otherwise indicated.
The PL spectra of the GaAs:Mn sample are shown in
Fig. 2(a). The two lines at higher energies (1.51 eV and
1.49 eV) originate from excitonic (X) and shallow donor-
acceptor (DA) transitions and are similar to what is
observed in compensated, nonmagnetically-doped GaAs.
The lower energy part of the PL, peaking at 1.41 eV,
is a Mn-related band, spectrally-broadened by electron-
phonon coupling. At low temperatures this band can be
attributed to transitions from shallow donors to the Mn
acceptor level, and their phonon replicas [15]. Remark-
ably, the Mn-band is observed at all excitation powers P ,
while the X and DA lines appear in the PL spectra only
when P exceeds a threshold value Pth ≈ 5 mW. This is
evident also from Fig. 2(c) where the ratio IX/IMn of the
PL intensities detected at 1.51 eV (IX) and 1.41 eV (IMn)
is plotted vs P . For the same power interval, the spec-
trally integrated PL intensity over the whole 1.3-1.55 eV
energy range exhibits a perfectly linear dependence on
P [Fig. 2(b)]. This indicates that the total PL intensity
redistributes between the Mn and X (DA) lines.
These data can be interpreted as follows: In partially
compensated GaAs:Mn, a manganese impurity occurs in
the GaAs host either as a neutral A0 (d5 + h) or ion-
ized A− (d5) acceptor center [13, 14, 15, 16, 17]. Un-
der excitation, A− centers trap photo-generated holes.
Therefore, at low excitation powers (P < Pth) the only
radiative channel is the recombination of electrons with
holes bound to Mn ions. The lifetime τ of an electron-
hole pair is rather long (we find τ ≥ 40 ns as discussed
below) because electrons and holes are localized on spa-
tially separated centers. With growing P this radiative
channel saturates rapidly, such that for P = Pth all Mn
impurities are converted into the A0 configuration. With
P > Pth increases even further, a new radiative channel
opens up, due to the availability of photo-excited valence-
band holes. As a result, the X and DA lines now start
to appear in the PL spectra, still in addition to the Mn-
band.
We use the Hanle effect to measure the spin relaxation
time τs and the lifetime τ of optically excited electrons
[11]. Because of fast hole spin relaxation, the PL polar-
ization ρc reflects the net spin polarization of the elec-
trons. In an external magnetic field B applied in Voigt
geometry the electron spins precess with the Larmor fre-
quency Ω = geµBB (ge is the electron g-factor) around
the field direction. As a result, the average spin (and
thus ρc) decreases with increasing B as
ρc =
ρc0
1 + τ/τs
1
1 + (B/B1/2)2
. (2)
Here, the characteristic field B1/2 = ~/(geµB)T
−1
s gives
the inverse spin lifetime T−1s = τ
−1
s + τ
−1. We take the
g-factor of our samples to be equal to that of pure GaAs
(i.e., ge = −0.44), as for the given NMn = 8× 1017 cm−3
(corresponds to x = 0.004%) the correction to the g-
factor due to the s-d exchange interaction (|N0α| ≈
0.17 eV) is below 30% [18, 19]. Thus, if the ’initial po-
larization’ ρc0 is known (this can be estimated from an
experiment in Faraday geometry, see below), τs and τ can
be unambiguously determined from the Hanle curves.
Figure 3(b) illustrates the dramatic changes of the
Hanle curves (detected at 1.41 eV ) in GaAs:Mn with
increasing excitation power P . From the fits to Eq. (2)
(indicated by the solid lines in this Figure) we can deter-
mine the dependencies τs(P ) and τ(P ). The lifetime τ
[Fig. 1(b)] is rather long and depends only slightly on P ,
varying from 40 ns for small P to 70 ns for P = 20 mW. In
contrast, the spin relaxation time τs shows a very strong
dependence on excitation power [circles in Fig. 1(a)]. It
increases from 12 ns for the lowest power P = 30 µW
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FIG. 3: (Color online) (a) A Hanle curve obtained from the
not-magnetically doped p-GaAs reference sample. (b) Hanle
curves from the GaAs:Mn sample for various excitation power
levels (indicated in the panel). (c) Recovery of the spin po-
larization in an external magnetic field in Faraday geometry
for P= 0.06, 4.5 and 20 mW. Solid lines in (a) and (b) are
fits to Eq. (2), those in (c) are fits to Eq. (3). In (b) and (c)
the upper curves are off-set vertically for clarity.
and saturates at about 160 ns for high power levels. Re-
markably, the saturation of τs occurs at a threshold value
Pth ≈ 5 mW, very similar to the value of Pth found from
the appearance of X and DA lines in the PL spectra (see
Fig. 2). This implies that the spin relaxation time is di-
rectly linked to the charge state of Mn acceptors and is
long when all Mn impurities are in A0 configuration.
That the behavior of τs in GaAs:Mn is unusual is also
confirmed by a comparison with the reference sample.
Figure 3(a) shows a Hanle curve detected at the DA line
in nonmagnetically doped p-GaAs [note that the field
scale is expanded by 10 compared to that in Fig. 3(b)].
From fits to Eq. (2) [e.g., the solid line in Fig. 3(a)] we can
determine τs in p-GaAs, assuming ρc0 = 0.25 [11]. The
spin relaxation time in the reference sample turns out to
be much shorter [squares in Fig. 1(a)] than in GaAs:Mn.
We have performed additional experiments in order to
analyze how the correlation time τc [entering Eq. (1)]
depends on P . When an external magnetic field is ap-
plied in the Faraday configuration, the transverse com-
ponents of the fluctuating internal fields that cause spin
relaxation can be dynamically averaged out. This occurs
when ∆Ezτc/~ ∼ 1 [6, 11], where, ∆Ez = µB(gA − ge)B
and gA depends on the electronic configuration of the
Mn accceptor(gA0 = +2.77 and gA− = +2.00 [14]). As a
result, the spin polarization recovers, according to
ρc =
ρc0
1 + τ/τ∗s
, τ∗s = τs[1 + (B/Bc)
2] , (3)
where Bc = ~/[(gA − ge)µB]τ−1c . Figure 3(c) shows the
experimental data from the GaAs:Mn sample (circles)
together with fits (lines) to Eq. (3). At high fields ρc
tends to the initial polarization ρc → ρc0, and these val-
ues of ρc0 have been used in fitting the Hanle curves
discussed above. The correlation field Bc extracted from
the dependencies in Fig. 3(c) are plotted as a function
of the excitation power P in Fig. 1(c). It only weakly
depends on P , increasing from 36 mT to 70 mT. As-
suming that in the low power limit most Mn acceptors
are in the A− configuration and that above Pth all Mn
are in the A0 configuration, we find correlation times
τA
−
c = 131 ps and τ
A0
c = 52 ps, respectively. While quali-
tatively these correlation times show the correct behavior
to explain the observed increase of τs with P , their ratio
τA
−
c /τ
A0
c = 2.5, when plugged into Eq. (1) is insufficient
to explain the 13-fold increase of τs in Fig. 1(a).
Hence, Eq. (1) suggests that the suppression of spin
relaxation in GaAs:Mn is caused by a reduction of the
amplitude of the fluctuating fields when the Mn accep-
tors are in the A0 configuration. This arises from the
antiferromagnetic exchange interaction (∆A
0
pd < 0) be-
tween the Mn d-shell electrons (with spin Sd = 5/2) and
the hole (with quasi-spin Jh = 3/2)
ĤA0pd = −∆A
0
pd ŜdĴh , (4)
where the exchange integral ∆A
0
pd = −2.2 meV [18]. ĤA
0
pd
splits the A0 state into four sublevels characterized by
angular momentum F = |Sd + Jh| = 1, 2, 3, 4. In its
ground state (F = 1), the Mn and hole spins are ori-
ented antiparallel, and the fluctuating fields associated
with them compensate one another.
We now estimate the influence this effect has on τs.
First, consider the exchange interaction between an elec-
tron with spin Se = 1/2 bound to a shallow donor (we
assume a Bohr radius aB = 100 A˚) and an ionized A
−
center at a distance Rd
Ĥesd = −b ŜdŜe , (5)
where b = b0 exp(−2Rd/aB). The parameter b0 can
be estimated from αN0 ≈ 0.17 eV [18] normalized by
the number of cations 4/a30 (a0 = 5.65 A˚ is the lat-
tice constant) in a localization volume pia3B. This gives
b0 = αN0a
3
0/(4pia
3
B) ≈ 2.3 µeV. Thus the precession fre-
quency of the electron spin in the fluctuating field of the
ionized Mn acceptor can be written as
ωA
−
f = b
√
Sd(Sd + 1)/~ = b
√
35
2~
. (6)
When the remote acceptor is in the A0 state, also the
electron-hole exchange interaction has to be considered:
Ĥesp = −δ ĴhŜe . (7)
Here, δ = δ0 exp(−2Rd/aB) and the parameter δ0 can
be estimated from the exciton exchange splitting in bulk
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FIG. 4: (Color online) (a) Hanle curves for two excitation
powers (shown in the panel) measured at a temperature T =
35 K. (b) Spin relaxation times τs vs T for the same excitation
power levels as in (a). Lines in (b) are guides to an eye.
GaAs (2δ0 ≈ 6 µeV [20]). The total three particle ex-
change Hamiltonian thus takes the form
Ĥe−A0exch = ĤA
0
pd + Ĥesd + Ĥesp . (8)
Because ∆A
0
pd ≫ b, δ the last two terms can be considered
as a perturbation. In other words, only the components
of the vectors Sd and Jh along the direction of F =
Sd + Jh are preserved. Within a subspace of given F
2,
S2d and J
2
h the spin Hamiltonian now becomes
Ĥe−A0exch = −
∆A
0
pd
2
(F̂ 2 − Ŝ2d − Ĵ2h)− aF F̂Ŝe . (9)
Here, aF can be found in the usual manner for coupling
angular momentum [21], yielding
aF =
1
2
[(δ+ b) + (δ− b)Jh(Jh + 1)− Sd(Sd + 1)
F (F + 1)
] . (10)
Finally, by analogy with Eq. (5) we obtain the preces-
sion frequency of the electron in the fluctuating field of
the neutral Mn acceptor [which we assume to be in the
ground state (F = 1)]:
ωA
0
f = |aF |
√
F (F + 1)/~ =
|7b− 3δ|
2
√
2~
. (11)
Obviously, for δ/b = 7/3 the fluctuating field is screened
out completely. From the data for τs and τc presented
in Fig. 1 and using Eq. (1) one obtains (ωA
−
f /ω
A0
f )
2 ≈ 5.
This ratio, using Eqs. (6) and (11), implies we have δ/b =
2.3 in our sample. This agrees remarkably well with our
rough estimates given above, which give δ/b = 1.3.
Further evidence for the correctness of our model
comes from temperature dependent studies. With in-
creasing temperature the antiferromagnetic exchange
correlation between Mn ions and holes is washed out.
Thus their respective fluctuating fields cannot compen-
sate each another any more, and as a result one expects
that τs should decrease strongly when the sample mainly
contains A0 centers (i.e., in the high excitation regime).
At the same time, an increase in temperature should have
little effect on τs when the electron spins are predomi-
nantly scattered by A− centers (at low excitation levels).
This behavior is indeed observed experimentally (Fig. 4).
At T = 35 K, the Hanle curves for low (P = 300 µW)
and high (P = 15 mW) excitation powers [Fig. 4(a)]
are very similar, in strong contrast with the behavior
at 8 K [Fig. 3(b)]. The full temperature dependence of
τs for these excitation levels is shown in Fig. 4(b). In
agreement with our expectations, τs is nearly constant
for P = 300 µW (predominantly A− centers), while it
is strongly reduced for P = 15 mW , where the sam-
ple contains mainly A0 centers. We observed that the
spin relaxation activates with a characteristic energy of
ca kBT0 = 2.2 meV, where T0 = 25 K, which correlates
well with the exchange energy ∆A
0
pd = 2.2 meV.
In closing, we note that the observed reduction of spin
relaxation by exchange coupling on a magnetic dopant
may open up a new route for spin memory engineering.
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